The recovery of historic community assemblages on reefs is a primary objective for the management of marine ecosystems. Working under the overall hypothesis that, as fishing pressure increases, the abundance in upper trophic levels decreases followed by intermediate levels, we develop an index that characterizes the comparative health of rocky reefs. Using underwater visual transects to sample rocky reefs in the Gulf of California, Mexico, we sampled 147 reefs across 1200 km to test this reef health index (IRH). Five-indicators described 88% of the variation among the reefs along this fishing-intensity gradient: the biomass of piscivores and carnivores were positively associated with reef health; while the relative abundances of zooplanktivores, sea stars, and sea urchins, were negatively correlated with degraded reefs health. The average size of commercial macro-invertebrates and the absolute fish biomass increased significantly with increasing values of the IRH. Higher total fish biomass was found on reefs with complex geomorphology compared to reefs with simple geomorphology (r 2 = 0.14, F = 44.05, P < 0.0001) and the trophic biomass pyramid also changed, which supports the evidence of the inversion of biomass pyramids along the gradient of reefs' health. Our findings introduce a novel approach to classify the health of rocky reefs under different fishing regimes and therefore resultant community structures. Additionally, our IRH provides insight regarding the potential gains in total fish biomass that may result from the conservation and protection of reefs with more complex geomorphology.
Introduction
Humans have impacted ecosystems to such an extent that few places on Earth have escaped anthropogenic influence. Just considering marine ecosystems alone, most oceans are trawled and fished repeatedly , new areas are impacted through ever-expanding fisheries (Zeller and Pauly, 2005) , marine species abundance is being driven to unprecedented low levels through overfishing (Worm et al., 2006) , and community assemblages are altered in diverse ways (Tegner and Dayton, 2000; Turner et al., 1999) . The recovery of historic community assemblages on reefs is a primary objective for the management of marine ecosystems worldwide; both for the health of marine resources, and for the heightened economic benefits and food security of coastal communities that depend on them (Beaumont et al., 2008; Cinner et al., 2012; Newton et al., 2007) .
To date, most studies of reef community recovery have focused on the monitoring of reef fish biomass and abundance of associated invertebrate populations as a proxy of the health of the reef systems. These studies have used the effect of no-take marine reserves (NTMRs) or gradients in fishing pressure (Lotze et al., 2011) http://dx.doi.org/10.1016/j.ecolind.2014.12. to attempt to understand changes in fish biomass after the implementation of such reserves or along gradients of exploitation pressure (Browman, 2011; Hawkins et al., 2006; McClanahan et al., 2007; Roberts, 1995; Russ et al., 2005; Wantiez and Thollot, 1997) . These studies or natural experiments demonstrate an ecological succession to the recovery of species richness: the quick, initial return of herbivorous fishes followed more slowly by the rebuilding of carnivores and piscivores. Additionally, they have shown that macro-invertebrates such as sea urchins decline concomitantly and, in many cases, calcareous algae increase to become a dominant group in the benthos. Other studies have use paired comparisons to demonstrate differences in community and food-web structures between NTMR (or areas of low fishing pressure) and open-access areas by analyzing the re-establishment of predatory interactions within the communities Floeter et al., 2006; Guidetti et al., 2008; Halpern, 2003; Lester and Halpern, 2008; Lester et al., 2009; McClanahan, 2011; Micheli et al., 2004; Mumby et al., 2006; Pollnac et al., 2010; Tyler et al., 2011) . Some studies have correlated gradients of fishing pressure or human population size to fish biomass (Dulvy et al., 2004; Friedlander and DeMartini, 2002; Pinca et al., 2011; Sandin et al., 2008) . These reveal that with a move towards healthier systems there are concurrent, significant increases in secondary productivity and ecosystem stability, and generally elevated rates of population recruitment and resilience. Finally, a last group of studies correlate gradients in fish biomass with reef community attributes, such as algal cover or sea urchin densities, using degree of fishing pressure as an explanatory variable Mora et al., 2011; Newman et al., 2006) and show that thresholds in the community assemblage can be seen along a gradient of fish biomass in ways that can inform fisheries management (Honey et al., 2010) .
All of the aforementioned studies illustrate differences in reef community assemblages and the fish biomass along a gradient of anthropogenic/fishing pressure, but due to the enormous variation in type and quality of the observations in many of these studies, direct comparison is difficult and predictive capacity for non-surveyed areas is limited (Hughes et al., 2010) . For instance, a meta-analysis must account for (1) distinctions between the absolute and relative effects of a NTMR, (2) inconsistencies in protection level among NTMRs, and (3) the different ecological characteristics of NTMR and control sites (e.g., substrate rugosity, depth, current regime, etc.) (Halpern, 2003) . Furthermore, most methodologies do not account for differences in fishing practices across study reefs. The common lack of baseline data in many of the studies also complicates the extrapolation of results (Sandin et al., 2008) .
Here we present a general framework to describe and compare changes in the community assemblages of macro-invertebrates and fishes on rocky reefs that occur along a gradient of fishing pressure, and develop an index that characterizes the level of health of these rocky reefs, which can be compared across the gradient to understand the stages of reef community assemblages. In order to develop an approach that could be applied to rocky reefs outside our study area, we emphasized a priori five critical design considerations: (1) sampling scale must be large enough to capture biogeographic variation; (2) within different regions inside our sampling study area, reefs in protected/low fishing pressure areas that have low or zero extractive activities must exist to ensure a reliable baseline for "unimpacted"/"healthy"; (3) all reefs sampled must share similar rocky habitat characteristics in order to avoid habitat-related differences in reef community species (Sala et al., 2002) ; (4) two levels of geomorphologic reef structure -complex and simple -can be recognized; and (5) fishing practices are similar and typical of artisanal fishing along the region (Aburto-Oropeza et al., 2008; Sala et al., 2004) .
Working under the overall hypothesis that, as fishing pressure increases, the biomass in upper trophic levels decreases followed by intermediate levels, whilst herbivores increases in relative abundance, we focused on answering five primary research questions: (1) How does the reef community as a whole vary as a function of increasing fishing pressure?; (2) what species are good indicators of reef conservation status?; (3) of these potential indicator species, what is the minimum number that can be used to assess reef health?; (4) how do these species agree with other indicators used in the literature?; and (5) how do changes of these indicators explain the absolute and relative changes of different components of these assemblages?
Material and methods

Reefs studied
In order to account for biogeographic patterns in species richness, we distributed the sampling effort across approximately 1200 km of latitude (10.62 degrees from the southernmost reef to the northernmost reef), covering seven regions of reefs along the Gulf of California from the southern Islas Marías archipelago to the Midriff Islands in the north (Fig. 1) . The importance of properly setting historical baselines, which are defined as the condition of a given area or ecosystem prior to or in the initial stage of a human stressor (i.e. fishing pressure), is recognized as fundamental in research concerning reef community health (Edgar et al., 2004) . The lack of a historical baseline makes it difficult to assess the health of a particular reef and, in many cases, compromises many of the models that test community change and reef health Jennings and Blanchard, 2004) . We sampled reefs in "protected/low fishing pressure" marine areas in the region, in order to set them as baselines for this study:
Cabo Pulmo National Park is a high biodiversity area and has a large cover of coral populations settled on long basaltic dykes that run parallel to the coast. The Mexican government declared the area a Marine National Park in 1995, covering 71 km 2 of coastal and offshore reefs. After the designation, people from Cabo Pulmo town self-organized and acted collectively to pass a resolution that prohibits all commercial extractive activities throughout the park. Fish biomass inside the park has increased significantly in all trophic levels at annual rates varying between 12 and 25% and total biomass has increased by 3.49 t ha −1 in one decade .
Islas Marías Archipelago is a group of four volcanic islands approximately 150 km northwest of Nayarit, Mexico. The archipelago was officially declared a biosphere reserve in 2000, however, a federal penal colony established on the largest island (Maria Madre) has been functioning since 1905 and serving as a de facto reserve. The island complex has therefore been consistently patrolled by the Mexican Navy, limiting access to vessels unrelated to the operation of the facility to 15 nautical miles offshore. Although precise catch data is not available, the surrounding waters of the islands are lightly exposed to anthropogenic pressures from hook and line fishing by the prison inmates. Nevertheless, this fishing pressure on nearshore reefs is considered low by comparison to the rest of the Gulf of California .
With the exception of reefs in Cabo Pulmo and Islas Marias regions, all the other surveyed reefs allow fishing activities and thus were placed in one of two categories: (1) MPAs, reefs that are inside one of the other five Marine Protected Areas in the region but are under unregulated fishing pressure or those lacking enforcement (Rife et al., 2012) ; and (2) open access, reefs that do not have any protection and receive consistent fishing pressure throughout the year. We sampled reefs in the regions of La Paz (LAP), Loreto (LTO), Sta. Rosalía (STR), and Midriff Islands (MRI) in July 2009. We sampled Cabo Pulmo (CPU) and Cabo San Lucas (CSL) reefs in September 2009. Surveys of the Islas Marías (MIA) reefs were delayed to November 2010 due to security regulations and issues regarding permit granting. While the timing was different, the water temperatures were similar (∼22 • C) to those during the time that other surveys were undertaken.
Geomorphology of survey reefs
We surveyed rocky habitats, mainly boulders and walls, known to share statistically-similar reef community components (Aburto-Oropeza and Balart, 2001; Sala et al., 2002) . Based on previously recorded geomorphological characteristics of rocky habitats (Aburto-Oropeza and Balart, 2001; Sala et al., 2002) , we sampled reefs of two types: (1) complex reefs were characterized as offshore or rocky points with a steep slope (>60%), a high rugosity rock cover of more than 90% with boulders ≥3 m in diameter, at least 3% cover of gorgonians, and in areas of strong currents or intense hydrodynamic dynamics; (2) simple reefs characterized as near-shore reefs, or reefs within bays with a low bathymetric profile hadlow rugosity, greater than 50% rock cover by rocks <1 m in diameter, greater than 15% sand cover, a hard coral cover of more than 3%, and comparatively weak currents or less variable hydrodynamic conditions. We sampled each reef type with 3-6 transects per reef and at shallow (<10 m) and deep depths (>15 m, when available). In total, we sampled 147 reefs: 78 complex reefs and 69 simple reefs.
Field survey protocols
We conducted SCUBA-assisted underwater surveys using standard methods for visual belt transects (Harmelin-Vivien et al., 1985) . A total of six divers counted and identified all fishes observed to species level at each reef site. The entire dive team has been working together to survey reefs in the Gulf of California for more than a decade Erisman et al., 2011; Mascareñas-Osorio et al., 2011) . Each diver has undergone training prior to the surveys consisting of in situ species identification and size and distance estimation at training sites throughout the region. At each site, two-person diving teams swam along 50-m transects one observer recording fishes and the other macro-invertebrates. Fish divers counted and estimated the size of all fishes within a five-meter wide belt along each transect during two passes (250 m 2 total area). Different behavioral groups (mobile species versus territorial species) were surveyed in separate passes, to ensure that individuals were only counted once. All macro-invertebrates were counted and identified along each transect. Invertebrate transects were 30 m long by one meter wide (30 m 2 ). Using this method, we completed 599 total transects, surveying 149,750 m 2 of fish habitat and 17,970 m 2 of invertebrate habitat.
Data analyses
At each reef, we counted the number of individuals of both fish species and marine macro-invertebrates, and estimated the length-class of each fish and invertebrate counted. We calculated the species richness of each survey reef, as well as the size structure and biomass of the fish community. To estimate fish biomass, we first estimated the biomass of individual fish using the allometric length-weight conversion (W = a × TL b ), where parameters a and b are species-specific constants obtained from FishBase, TL is total length in mm recorded from the survey, and W is weight in grams. In accordance with existing studies, we converted all biomass values to tonnes per hectare (t ha −1 ). We assigned all fishes to four major trophic groups based on life history (Supplementary Table S1 ): piscivores, carnivores, zooplanktivores, and herbivores. Macro-invertebrates were assigned to seven major taxonomic groups and one miscellaneous group: sea stars (Asteroidea), bivalves (Bivalvia), sea urchins (Echinoidea), snails (Gastropoda), hard corals (Hexacoralia), sea fans (Octocorallia), sea cucumbers (Holothuroidea), and others (Misc.). Using this data, we calculated a suite of synthetic community variables (e.g., diversity indices, trophic structure indices, etc.) to further describe the community assemblage at each survey reef. We used 26 variables for fish and 25 variables for macro-invertebrates grouped into 4 main categories -species richness, individual size, abundance, and biomass -as indicators of community assemblage change (Supplementary Table S2 ). For abundance and biomass, we used both absolute and relative variables.
In a matrix of field data with many variables, it is likely that some of the variables may be correlated, i.e., are different expressions of the same trend. To determine correlative trends in the indicators of the reef assemblages, we applied a Principal Component Analysis (PCA) using the descriptors measured in the field. PCA is a statistical procedure that uses an orthogonal transformation to convert a set of observations of possibly correlated variables into a set of linearly uncorrelated principal components. The first principal component has the largest possible variance (that is, accounts for as much of the variability in the data as possible), and each succeeding component in turn has the highest variance possible under the constraint that it is orthogonal to (i.e., uncorrelated with) the preceding axes. Because, statistically, only the first and significant axes need to be kept (Jackson, 1993) , the method serves as an efficient procedure to reduce the dimension of large, but internally correlated, data sets (Pielou, 1984) .
The matrix we used contained 147 reefs and 51 raw-data variables. The matrix rows were centered and standardized, as the variables were measured in different units and scales, and principal axes were extracted using the resulting correlation matrix (Gower, 1966) . In order to select axes suitable for interpretation, the axes were tested against the broken stick distribution as a null random model (Jackson, 1993) . We accepted only those axes whose explained variation was higher than the maximum proportion of the variance that could be expected by chance alone. We then tested each significant axis against two external variables: (a) fishing pressure and (b) depth of the site survey, using the Linear Model (LM) procedure in the R program (R Core Team, 2014) .
Finally, the results of the PCA informed our selection of variables that best illustrated the variation captured by each axis (King and Jackson, 1999) . In a standardized PCA the coefficients or "loadings" of each variable can be interpreted as correlation coefficients between the variable and the PCA axis, we therefore selected those variables whose loadings were higher than 0.5 (a critical r value for a Bonferroni-corrected threshold of P = 0.01 and n = 51). Based on these loadings, we selected a group of ten variables highly correlated with fishing pressure.
We then tested whether these 10 variables, which summarize the status and health of the whole reef community, could be simplified even further without significant loss of precision in the monitoring process. For this purpose, we then selected five variables within these ten significant contributors to the main axis, choosing from those that have been identified in the literature as having both an important ecological function and have been used in previous rocky reef studies (e.g. Dulvy et al., 2000; Sandin et al., 2008; Lester et al., 2009; McClanahan et al., 2011) . With this selection, we expected to (a) make sure that monitoring is based on ecologically meaningful indicators and (b) make our results comparable with other monitoring efforts. For our variable selection, we chose two variables positively and strongly correlated with axis 1: the biomass of carnivorous fish (BC), and the biomass of piscivores (BP), as well as three variables that were negatively associated with axis 1: the relative abundances of zooplanktivores (RZ), of sea stars (RS), and of sea urchins (RU). We then tested the robustness of our five chosen indicator variables by doing a second PCA for all 147 reefs, using only these five variables as reef indicators, and confirmed that the first axis of the simplified 5-indicators data matrix was highly correlated to the first multivariate axis of the whole 51-variables matrix ( Supplementary Fig. 1 ).
Having confirmed that the five chosen indicators were (a) highly correlated among themselves and (b) highly correlated with the main variation in the overall dataset, we then developed a simple index of reef health (IRH), simply using the average of the normalized values of these five variables with their PCA scoring sign: IRH = (bp + bc − rz − rs − ru)/5, where each lowercase variable represents the normalized transformed value of the original variable, such that biomass of piscivorurs fish: bp i = (BP i − BP)/sd (BP). By subsequently de-standardizing the equation to use the variables in their original units, we got the final equation for reef-health scoring: 
Results
Health index
We obtained three significant PCA axes, according to the broken-stick criterion. For both complex and simple reefs, the first multivariate axis clearly ordered reefs from those protected from fishing set as our baselines, to reefs within MPAs, and those under open access fishing regimes ( Supplementary Fig. 2) . A one-way ANOVA with four factor levels [(a) Cabo Pulmo, (b) Islas Marías, (c) MPAs, and (d) open access reefs] showed significant differences along axis 1 (F = 41.8, P < 0.00001), with Cabo Pulmo and Islas Marías to the right of the axis (mean axis scores 1.30 ± 0.14, and 1.54 ± 0.12, respectively), and other MPAs and open access reefs to the left (−1.10 ± 0.17, and −0.65 ± 0.29, respectively). Axes 2 and 3 were significantly related to the site's total biomass and the depth of the survey transect, but showed no significant relationship with the reefs' conservation and health status. For this reason, we concentrated our analysis on the survey variables that had high bearing on the values of axis 1, the best indicator of the reefs' conservation status.
Of the 51 variables used for the analysis, the ten that most significantly correlated with the multivariate axis were selected. Half of these selected variables were chosen as indicators of reef health as they drove the reef scores towards the right side of axis (i.e., the protected/low fishing pressure). These five indicator variables were the relative and absolute abundance of carnivores, the absolute biomass of carnivores, the relative abundance of octocorals' (sea fans), and the absolute abundance of piscivores. The remaining five variables of the primary ten selected were indicators of reef degradation, i.e., they pulled the reef scores towards the unprotected/high fishing pressure MPAs or open access reefs. These were: the relative and absolute abundance of Asteroidea (seastars), the relative abundance of zooplanktivores, and the trophic diversity and species richness of macro-invertebrates. From these ten variables we then selected five variables that are used in the literature as indicators of reef health. The final five indicators selected were: the biomass of piscivores and carnivores which were positively associated with reef health; as well as the relative abundances of zooplanktivores, sea stars, and sea urchins, all of which were negatively correlated/associated with degraded reefs health. These five indicators were combined into a new PCA multivariate axis, and correlated significantly with the first multivariate axis of the 51-variables matrix (r 2 = 0.84, F = 738.3, P < 0.0001, Appendix S4). This indicated that most of the correlative variation in the original matrix was recovered moving from 51 to 5 variables. As with the full dataset, the first eigenvector scores for this 5 indicators analysis showed significant differences with in historic fishing pressure, with negative scores for open access reefs and other MPAs, and positive scores for the reefs at Cabo Pulmo and Islas Marias (P < 0.00001; Fig. 2a) .
De-normalizing the 5 selected indicator variables, the final equation for reef-health scoring was: IRH = 0.186 BP + 0.317 BC − 0.0084 RZ − 0.0184 RS − 0.0093 RU − 0.26; where biomass values were measured in tons per hectare, and relative abundances were represented as percentage values. This index represents an average of normalized deviates that are correlated among themselves, therefore, the result is interpretable in terms of normalized deviations from the mean condition of the Gulf's rocky reefs. Ninety-nine percentage of the values within our study area (Fig. 2b ) ranged from −2 (for highly degraded reefs) and 2 (for highly preserved reefs). Ninety-five percentage of the Cabo Pulmo reefs and 93% of Marias reefs had positives IRH values; while only 29% of reefs in MPAs and 36% of open access reefs had positives IRH values. The IRH values were almost identical to the 5-indicators multivariate score differing only in scale (r 2 = 0.99, F = 18214, P < 0.0001), and were also very highly correlated with the main multivariate axis of variation in the complete 51-indicator matrix (r 2 = 0.88, F = 1024.7, P < 0.0001).
Absolute and relative changes of assemblage composition
Grouping the reefs every 0.5 points along the IRH values, we were able to explore patterns for all variables along the gradient. We found significant differences in the average size of holothurians (r 2 = 0.95, F = 119.34, P < 0.0001), sea stars (r 2 = 0.84, F = 30.62, P < 0.01), and sea urchins (r 2 = 0.80, F = 28.35, P < 0.01); the average size of these groups increased significantly with decreasing values of the IRH (Fig. 3a) . In contrast, we found an opposite pattern for three other macro-invertebrates groups, such that the average size of sea fans (r 2 = 0.93, F = 87.38, P < 0.0001), bivalves (r 2 = 0.72, F = 18.3, P < 0.01), and gastropods (r 2 = 0.76, F = 22.04, P < 0.01) increased significantly with increasing values of the IRH (Fig. 3b) .
For both simple and complex reefs, total fish biomass increased significantly with increasing values of the IRH (r 2 = 0.44, F = 143.0, P < 0.0001) (Fig. 4a); i.e., increased towards the protected reefs, and decreased away from them. Furthermore, significantly higher total fish biomass was found on complex reefs compared to simple reefs (r 2 = 0.14, F = 44.05, P < 0.0001; for the whole model, r 2 = 0.58, F = 87.2, P < 0.0001), with a log-linear slope of 1.4 times higher on complex reefs. The trophic biomass pyramid also changed along the gradient IRH values (Fig. 4a) . Reefs at the left/degraded reefs side of the gradient depict a standard biomass pyramid typical of certain terrestrial ecosystems, such as grasslands or forests, where a comparatively small biomass of consumers is supported by the large biomass of producers. In contrast, the right/healthier reefs side of the axis showed an inverted biomass pyramid where the biomass of primary producers is low in comparison to the biomass of piscivores.
Similarly, the relative biomass of the three trophic groups (herbivores and zooplanktivores combined) had a clear pattern along the gradient of IRH values (Fig. 4b) . The relative biomass of low-trophic level fishes, increased significantly on degraded reefs (r 2 = 0.26, F = 25.2, P < 0.0001); in contrast, the relative biomass of piscivores increased significantly on the healthier reefs (r 2 = 0.12, F = 11.8, P < 0.0001). Carnivores showed a slight but significant tendency to increase towards the middle of the gradient of IRH values and a secondary tendency to decrease towards the negative values of the IRH (r 2 = 0.06, F = 5.9, P = 0.004).
Discussion
Direct applications of the health index
Reconstructing regional and global trends of reef assemblages have faced limitations mainly due to the different analytical approaches employed (Hughes et al., 2010) . The results of our study show that five community-level indicators can provide a reliable estimation of the status of a given reef across an overall gradient of community assemblages, ranging from unprotected/high fishing pressure to protected/low fishing pressure rocky reefs. Our analysis also identified a minimum set of community indicators needed to assess reef health, predict sizes of some macro-invertebrates, and fish biomass. In addition, if we assume that each reef can be used to represent an ecological stage (from pioneer to climax community) of the overall reefs, our index may be used to describe temporal changes in community structure as well. Although direct monitoring of fishes of high trophic levels (i.e., piscivores and carnivores) may be the simplest evaluation of a reef's health, often the biomass of these groups is so low (in comparison to the natural baseline) that trends through time are statistically unobservable, and resulting evaluations of management actions are ineffective. However, by presenting the whole gradient of reef states using the IRH, we are able to illustrate the whole process of degradation where shifts in the reef community assemblage are indicated by changes in the whole community, such as increasing average sizes, or increasing relative abundance of sea urchins or sea stars.
Our two baseline areas, CPU and MIA, were essential to avoid the shifting baselines problem and to set a benchmark for the evaluation of future studies on reef communities within the region, and base on the fish biomass values in other rocky reefs in the Tropical Eastern Pacific ), this IRH can be used to identify directional changes in reef health via shifts in simple community indicators. Furthermore, these indicators can be used in the assessment and informed management of reefs with limited data. Finally, the relationship we identify between fish biomass and simple community indicators may be useful in estimating fishable reef biomass and setting extraction thresholds and localized catch limits (Honey et al., 2010) as well as generating maps of actual and potential fish biomass, which can be used in turn to prioritize areas best suited for NTMRs (Knudby et al., 2011) .
Ecological meanings
The decline of high trophic groups is likely to have long-term and cascading effects throughout community assemblages (Mumby et al., 2006) . One notable change is the relative increase in the abundance of lower trophic groups due to the loss of top-down forces like predation and competition (Dulvy et al., 2000; Edgar et al., 2011) . The ecological gradient detected in this study simply highlights different stages of the "fishing down the food web" phenomenon, i.e., the decline in average size and trophic level of harvested species (Pauly et al., 1998) within our study reefs. In protected reefs, the size of bivalves and gastropods was up to three times bigger than open access reefs. In the same way, more than 40% of the biomass in protected reefs may be represented by piscivores; while on reefs with intermediate health, more than 50% of the biomass was comprised of carnivores and, in unprotected reefs, more than 60% of the biomass was composed of zooplanktivorous and herbivorous fish.
Overlaying biomass pyramids onto the gradient of health (Fig. 4a) further demonstrates the effect of exploitation and the importance of proper baselines in interpreting our findings. The presence of inverted biomass pyramids have been documented in remote, isolated coral reefs (Friedlander and DeMartini, 2002; Sandin et al., 2008) and in freshwater and marine plankton (Gasol et al., 1997; Moustaka-Gouni et al., 2006) . However, here we have confirmed that the inversion of a biomass pyramid occurs within the gradient of IRH values. The inversion of the biomass pyramid is likely related to the higher growth and mortality rates of prey and higher longevity of predators, well-mixed populations with large prey turnover rates, and prey immigrations, and non-mixed populations where the prey can hide in refuges (Valentine and Heck, 2005; Wang et al., 2009 ). In any case, all of the aforementioned scenarios occur where reef communities are undisturbed, without the alteration of the community structure and function from overfishing.
Complex versus simple reefs
The index proposed here, coupled with a simple descriptor of the geomorphologic structure of the reef (complex vs simple), can predict the total fish biomass at each reef. Unprotected/high fishing pressure reefs of both types, complex and simple, all seem to support similar levels of biomass (∼1-2 t ha −1 ). These levels of biomass increase, as expected, when a reef is protected, with complex reefs sustaining larger maximum levels of biomass (as much as 5-10 t ha −1 ) compared to simple reefs (2-4 t ha −1 ). This difference in potential biomass strongly justifies the preferential establishment of NTMRs in complex reef systems rather than simple reefs (Palumbi et al., 2008) . Additionally, our IRH gradient provides insight regarding the potential gains in total fish biomass that may result from the conservation (Micheli and Halpern, 2005) and protection of more complex reefs (Mora et al., 2011) .
Since the costs of marine reserve enforcement are related to the size of the reserve and the distance of reefs from local, coastal administrations centers (Balmford, 2004) , and not inherent geomorphologic structures of the reefs, the cost differences associated with protecting complex versus simple reefs are negligible. However, the magnitude and rate of recovery between both kinds of reefs are likely to be considerably different. Additionally, more complex interactions are present at complex reefs, where higher densities and total biomass of piscivores and carnivores can be recorded. Taking into account the importance of geomorphologic characteristics of reefs, complex rather than simple reefs, will be the ones that truly generate spillover effects into local fisheries and will mitigate the total cost of protective measures (Stobart et al., 2009) . The characteristics of complex reefs are known to impact reef productivity (Friedlander et al., 2003) , by directly influencing the standing stocks through nutrient inputs or, indirectly, by affecting larval delivery. Additionally, complex reefs are known to support higher abundances and biomasses of predatory reef fishes (groupers, jacks, snappers, etc.), which is related to their bathymetry, exposure to nutrient rich waters, currents for dispersal, etc. (Heyman and Kjerfve, 2008) compared to simple reefs. Future work must conduct cost-benefit analyses (including all elements of social capital and costs of protecting a community's fishing grounds) of the tradeoff between protection and initial reductions in local fishery yields to understand the optimal arrangement of NTMR reefs and effective management regimes for interconnecting areas.
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